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a  b  s  t  r  a  c  t
Fluorocarbon  elastomers  are  speciﬁed  for  a number  of applications  where  excellent  high  temperature
and  chemical  resistance  is required.  To ensure  that  a  ﬂuoroelastomer  with  the required  properties
for  a  particular  application  is  used,  characterization  techniques  that  allow  the positive  identiﬁ-
cation  of  the  elastomer  are required.  In this  paper  the  characterization  of  four  ﬂuoroelastomer
formulations  – a vinylidene  ﬂuoride/hexaﬂuoropropene  (VDF/HFP)  dipolymer,  a vinylidene  ﬂuo-
ride/hexaﬂuoropropene/tetraﬂuoroethylene  terpolymer,  and two  vinylidene  ﬂuoride/perﬂuoro(methylyrolysis-gas chromatography/mass
pectrometry (py-GC/MS)
olymer analysis
vinyl  ether)/tetraﬂuoroethylene  (VDF/PMVE/TFE)  tetrarpolymers  – is  described.  The  characterization
techniques  included  pyrolysis  gas  chromatography/mass  spectrometry  (py-GC/MS),  Fourier  transform
infrared  (FT-IR)  spectrometry,  differential  scanning  calorimetry  (DSC),  and  thermogravimetric  analysis
(TGA).  Py-GC/MS  was  the  only  characterization  technique  that could  identify  the  four formulations  unam-
biguously.  The  positive  identiﬁcation  was  based  on  differences  in  the  pyrolytic  degradation  products  of
ulatiothe ﬂouroelastomer  form
. Introduction
Fluoroelastomers have excellent chemical and heat resistance
nd because of this are speciﬁed for applications where these
roperties are required. They are used in the marine, automotive,
erospace, oil, and chemical industries as seals, O-rings, gaskets,
nd fuel hoses. The properties of a particular ﬂuorocarbon elas-
omer composition depend on several factors. These include the
onomers and curing agent used in their preparation. The ﬂuid
esistance of ﬂuoroelastomers generally improves as the ﬂuorine
ontent of the elastomer increases. Peroxide cured ﬂuoroelas-
omers have superior water and acid resistance compared to those
ured with bisphenol based compounds while the bisphenol cured
uoroelastomers have superior thermal stability compared to those
ured with peroxides [1].
There are several monomers used to prepare commercial ﬂu-
roelastomers. These include 1,1-diﬂuoroethylene or vinylidene
uoride (VDF), tetraﬂuoroethylene (TFE), hexaﬂuoropropylene
HFP), and perﬂuoro(methyl vinyl ether) (PMVE). Although ﬂuo-
oelastomers have excellent ﬂuid and heat resistance, some of the
ormulations have glass transition temperatures (Tg) that make
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them unsuitable for applications where lower temperatures may
be encountered. For instance, VDF/HFP/TFE ﬂuoroelastomers have
a Tg of approximately −13 ◦C while VDF/HFP ﬂuoroelastomers
have a Tg of approximately −20 ◦C. To overcome this limitation,
ﬂuoroelastomers containing PMVE have been developed. These
VDF/PMVE/TFE ﬂuoroelastomers can have a Tg as low as approx-
imately −30 ◦C depending on the weight percent ﬂuorine in the
elastomer [1].
Because of the relationship between the formulation, properties
and performance of these elastomers, it is important to ensure that
a ﬂuoroelastomer with the required formulation is used in a par-
ticular application. When a particular elastomer fails in-service or
has to be replaced, it is also important to make certain that the cor-
rect elastomer was  used and that the correct elastomer is used to
replace the failed elastomer. To enable this, analytical techniques
that can positively identify ﬂuoroelastomer types are required.
Pyrolysis-gas chromatography/mass spectrometry (py-GC/MS)
has been used to identify a broad range of polymeric materials
including thermoplastics, thermoset resins, elastomers and paints
[2–10]. Concerning ﬂuoropolymers, Lonfei et al. [11] studied the
pyrolytic degradation mechanisms of a number of thermoplastic
ﬂuoropolymers using pyrolysis packed column GC/MS and pyrol-
ysis MS.  Several of the ﬂuoropolymers were synthesized from the
same monomers as those used in the ﬂuoroelastomers studied in
this paper. They found for perﬂuoropolymers, such as a TFE/HFP
copolymer, that depolymerization predominates during pyrolysis.
The degradation involves random scission of the carbon chains
followed by alpha cleavage of neighboring carbon–carbon bonds
ghts reserved.
2 d Applied Pyrolysis 109 (2014) 283–295
t
i
n
p
s
ﬂ
ﬂ
h
d
a
n
a
p
t
ﬂ
t
o
s
s
t
c
2
2
f
i
c
k
a
g
c
h
I
t84 J.A. Hiltz / Journal of Analytical an
o release the monomers. However, they also observed that the
ntroduction of PMVE or VDF into the polymers results in a sig-
iﬁcant change in the degradation mechanisms. The presence of
erﬂuoromethoxy groups activate the ﬂuorine atom attached to the
ame carbon. This results in random chain scission accompanied by
uorine transfer and leads to the formation of large amounts of per-
uoroalkanes and perﬂuoroalkenes. When monomers containing
ygrogen atoms, such as VDF, are present in the polymer, the degra-
ation mechanisms include the elimination of hydrogen ﬂuoride
ccompanied by hydrogen transfer. Hydrogen transfer accompa-
ied by random chain scission leads to the formation of alkanes
nd terminal alkenes.
In this paper the identiﬁcation of four ﬂuoroelastomers using
y-GC/MS is described. The identiﬁcation is based on differences in
he major pyrolytic degradation products produced by each of the
uoroelastomers. These differences are discussed with respect to
he degradation mechanisms reported in reference [11]. The results
f other techniques including Fourier transform infrared (FT-IR)
pectroscopy, thermogravimetric analysis (TGA) and differential
canning calorimetry (DSC) are presented and their usefulness in
he characterization and identiﬁcation of ﬂuoroelastomers is dis-
ussed.
. Experimental
.1. Materials
The four ﬂuoroelastomers used in this study were purchased
rom James Walker MFG. Co., Glenwood, Illinois. They were des-
gnated as FR10/80, FR17/75, FR25/80, and LR6316/75. These
ompounds are similar to ﬂuoroelastomers that may  be better
nown as ‘viton’ A (FR10/80), ‘viton’ B (FR17/75), GFLT (LR6316/75),
nd GLT (FR25/80).
FR10/80 ﬂuoroelastomer is a copolymer of HFP and VDF. It is a
eneral purpose ﬂuoroelastomer with a low compression set and
an be used in a temperature range between −18 ◦C and 200 ◦C. It
as a Shore Durometer type A hardness of 80.
FR17/75 ﬂuoroelastomer is a terpolymer of HFP, VDF and TFE.
t is a general purpose ﬂuoroelastomer with improved fuel resis-
ance compared to FR10 ﬂuoroelastomers and can be used in a
Fig. 2. Plots of % weight loss against temperature and the derivative of % weFig. 1. Thermogram of FR 25/80 ﬂuoroelastomer.
temperature range between −12 ◦C and 210 ◦C. It has a Shore
Durometer type A hardness of 75.
LR6316/75 ﬂuoroelastomer is a tetrapolymer containing VDF,
TFE, and PMVE and is formulated to have improved low tem-
perature properties compared to the FR10 and FR17 type
ﬂuoroelastomers and superior chemical resistance compared to
FR25. It is a low temperature (LT) grade ﬂuoroelastomer with high
ﬂuorine content and can be used in a temperature range between
−29 ◦C and 205 ◦C. It has a Shore Durometer type A hardness of 75.
FR25/80 ﬂuoroelastomer is a tetrapolymer containing VDF, TFE,
and PMVE. It is a low temperature (LT) grade ﬂuoroelastomer with
superior rapid gas decompression properties. It can be used in
a temperature range between −41 ◦C and 200 ◦C. It has a Shore
Durometer type A hardness of 80.
2.2. Analysis
2.2.1. Pyrolysis gas chromatography/mass spectroscopy/mass
spectroscopyAll pyrolysis were carried out in a platinum coil pyroprobe
(Pyroprobe 5000, CDS, Oxford, PA). Approximately 0.1 mg  of the
sample was centered in a 25 mm quartz tube and heated to a
ﬁnal temperature of 700 ◦C, 800 ◦C or 900 ◦C using a heating ramp
ight change against temperature for the LR6163/75 ﬂuoroelastomer.
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Table  1
Average glass transition temperatures (Tg) of the four ﬂuoroelastomers as measured by DSC.
Sample name First weight loss (%) Tmax1 (◦C) of ﬁrst weight loss Second weight loss (%) Tmax2 (◦C) of second weight losss Residue (%)
FR10/80 61.5 ± 0.4 487.9 ± 3.0 29.8 ± 0.5 661.8 ± 4.5 8.3 ± 0.2
FR17/75 70.0 ± 0.7 501.1 ± 1.0 18.8 ± 0.6 661.4 ± 4.4 10.5 ± 0.1
LR6316/75 62.1 ± 0.2 504.7 ± 0.6 36.8 ± 0.6 672.9 ± 5.8 0.8 ± 0.2
39.4 ± 0.1 677.5 ± 3.4 0.4 ± 0.1
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iFR25/80 60.0 ± 0.1 497.1 ± 0.0 
f 20 ◦C ms−1. The hold time at the ﬁnal temperature was  20 s.
he pyrolysis products were separated on a 30 m long × 0.25 mm
nside diameter 5% phenyl polydimethylsiloxane capillary column
DB-5, J&W Scientiﬁc, Folsom, CA). The inlet was  set to a split ﬂow
f 50 mL  min−1, with a split ratio of 50:1. The ﬂow rate of the car-
ier gas (He) was 1 mL  min−1. The heating program used for the
as chromatograph (Trace GC Ultra, Thermo Scientiﬁc) consisted of
olding the oven temperature at 40 ◦C for 4 min, then ramping the
emperature to 300 ◦C at a rate of 10 ◦C min−1, and ﬁnally holding
he temperature at 300 ◦C for 10 min. Each GC run took 40 min  to
omplete.
A Triple Stage Quadrupole (TSQ) (Thermo Scientiﬁc) MS/MS  was
sed to detect the ions of the pyrolysis products. The MS/MS  was
sed in the full scan mode. Each scan, from 50 atomic mass units
amu) to 500 amu, took 0.5 s.
.2.2. Infrared analysis
All infrared spectra were acquired on a Vertex 70 Fourier Trans-
orm infrared spectrometer (Bruker Optics) using a single bounce
ttenuated total reﬂectance (ATR) accessory (Spectra-Tech Thun-
erdome, Thermo Scientiﬁc). The ATR was ﬁtted with a germanium
rystal. A background was obtained prior to acquiring the spectra
f each ﬂuoroelastomer. The spectra, acquired between 4000 cm−1
nd 600 cm−1, were the average of 100 scans at a resolution of
 cm−1. All spectra were baseline corrected and normalized.
.2.3. Thermogravimetric analysis
Thermogravimetric analysis (TGA) was carried out on a
500 thermogravimetric analyser (TA Instruments, New Castle,
elaware) using aluminum sample pans. Nitrogen (N2) was  used
s the balance and sample gas at ﬂow rates of 40 mL min−1 and
ig. 4. Overlay of the FT-IR spectra of FR10/80 (blue), FR 17/75 (red), LR6316/75 (green
nterpretation of the references to color in this ﬁgure legend, the reader is referred to theFig. 3. FT-IR spectra of the FR10/80 ﬂuoroelastomer.
60 mL  min−1 respectively. The sample sizes ranged from ∼5 mg  to
∼40 mg.
All analyses were carried out in the high resolution mode. The
sample was held at 35 ◦C, and then the temperature ramped at
a rate of 50 ◦C min−1 until the rate of weight loss exceeded an
operator selected rate. The temperature of the sample was then
kept constant until the rate of weight loss dropped below an
operator selected rate. The temperature ramp of 50 ◦C min−1 was
then resumed until the temperature reached 650 ◦C. At 650 ◦C,
the gas was  changed from N2 to air and the temperature ramp
of 50 ◦C min−1 resumed until the rate of weight loss exceeded the
operator determined rate. The temperature of the sample was  then
kept constant until the rate of weight loss dropped below an oper-
ator selected rate. The temperature ramp was then resumed. The
), and FR25/80 (black) ﬂuoroelastomers between 2900 cm−1 and 2800 cm−1. (For
 web  version of the article.)
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Fig. 5. Overlay of the FT-IR spectra of FR10/80 (blue), FR 17/75 (red), LR6316/75 (green), and FR25/80 (black) ﬂuoroelastomers between 1500 cm−1 and 1300 cm−1. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web  version of the article.)
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tig. 6. Overlay of the FT-IR spectra of FR10/80 (blue), FR 17/75 (red), LR6316/75
nterpretation of the references to color in this ﬁgure legend, the reader is referred 
xperiment was  terminated at 800 ◦C. The reported percentage
eight losses and temperatures of maximum rate of weight loss
ere the average values of three analyses.
.2.4. Differential scanning calorimetry
Differential scanning calorimetry (DSC) was carried out on a
1000 differential scanning calorimeter (TA Instruments, New
astle, Delaware). The apparatus was calibrated using an Indium
tandard. The samples were held at −60 ◦C for a minute and then the
emperature was ramped at a rate of 10 ◦C min−1 to 60 ◦C. The dif-
erence in heat ﬂow (W g−1) into the sample and the reference pans
as recorded as a function of temperature. The Tg was calculatedrom the tangents to the heat ﬂow versus temperature curve before
he transition, after the transition and at the point in the transition
ith the maximum slope. The reported Tg was the average value of
hree analyses.n), and FR25/80 (black) ﬂuoroelastomers between 950 cm and 700 cm . (For
 web  version of the article.)
3. Results and discussion
3.1. Measurement of glass transition temperatures (Tgs) of the
ﬂuoroelastomers by DSC
The DSC thermogram of the FR25/80 ﬂuoroelastomer is shown
in Fig. 1. Thermograms are plots of heat ﬂow versus temperature.
At the Tg, the heat capacity of a material changes rapidly. This in
turn affects the heat ﬂow into the sample and therefore the slope
of the heat ﬂow versus temperature plot.
The Tg values for the four ﬂuoroelastomers are listed in
Table 1. The FR17/75 ﬂuoroelastomer has the highest Tg (−12.7 ◦C),
followed by FR10/80 (−16.8 ◦C), LR6316/75 (−25.0 ◦C), and
FR25/80 (−31.3 ◦C) ﬂuoroelastomers. The Tgs correspond well with
published values [1] for ‘viton’ B, ‘viton’ A, GFLT and GLT ﬂuoroe-
lastomers.
DSC analyses provide good supporting evidence for the identi-
ﬁcation of polymeric materials. However, the Tg of a polymer is
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TGA plots of percent weight loss versus temperature and the
Fig. 7. Pyrograms of FR10/80 ﬂuoroelastomer pyrolyzed at (top) 900 ◦C, (middle)
00 ◦C, and (bottom) 700 ◦C.
elated to its composition, structure, for instance sequence dis-
ribution in copolymers and terpolymers, and the presence of
dditives [12]. The Tg of a polymer can be affected by a number of
actors while in service, including the absorption of ﬂuids and aging
thermal, oxidative, and ultra violet degradation). The absorption
f ﬂuids by a polymer most often leads to a reduction in the Tg of
he sample through plasticization [13]. If a material has been in
ervice and in contact with a ﬂuid or ﬂuids that act to plasticize the
ample, the measured Tg will be lower than a sample of the same
aterial that has not been exposed to the ﬂuid. Thermal, oxidative
r ultraviolet degradation can lead to a number of changes in the
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ig. 9. Pyrograms, from top to bottom, of FR10/80, FR 17/75, LR6316/75, and FR25/80 ﬂuFig. 8. Pyrograms of the FR10/80 ﬂuoroelastomer pyrolyzed at (top) 900 ◦C, (middle)
800 ◦C, and (bottom) 700 ◦C between 3.5 and 15.0 min.
structure of a polymer. In some polymers degradation leads to an
increase in cross linking in the polymer while in others it results in
a decrease in cross linking. Additives, such as plasticizers, can also
be lost from a polymer over time. The Tg of the polymer will reﬂect
these changes.
3.2. Thermal stability of the ﬂuoroelastomers by TGAderivative of percent weight loss versus temperature for the
LR6316/75 ﬂuoroelastomer are shown in Fig. 2. For each of the elas-
tomers the weight loss in the TGA experiment was found to take
10 12 14
e (min)
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9.53
11.61 12.7810.38 14.10
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9
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9.68 9.99
oroelastomers between 3.5 and 15.0 min. All samples were pyrolyzed at 700 ◦C.
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Fig. 10. Mass spectra of peaks (from top to bottom) at 8.73 min, 10.97 min, 11
Table 2
First weight loss, second weight loss, temperatures of maximum rate of ﬁrst and
second weight losses and weight of residue of the four ﬂuoroelastomers.
Sample name Average Tg (◦C) Literature Tg (◦C)
FR10/80 −16.8 ± 0.9 −18
FR17/75 −12.7 ± 0.2 −13
p
s
t
o
(
ﬂ
(
i
s
residue compared to the LR6316/75 (0.8 ± 0.2%) and the FR25/80LR6316/75 −25.0 ± 0.2 −23
FR25/80 −31.3 ± 0.7 −29
lace in two steps. The ﬁrst was at approximately 500 ◦C and the
econd was at approximately 670 ◦C. The percent weight loss, the
emperatures of the maximum rate of weight loss and the weight
f residue for the four ﬂuoroelastomers are listed in Table 2.
The percent weight loss in the ﬁrst step was similar for FR10/80
61.5 ± 0.4%), LR6316/75 (62.1 ± 0.2%), and FR25/80 (60.0 ± 0.1%)
uoroelastomers. However, the FR17/75 ﬂuoroelastomer lost ∼70%
70.0 ± 0.7) of its weight in the ﬁrst step. The temperature of max-
mum rate of weight loss, Tmax1, for the ﬁrst weight loss step was
imilar for FR17/75 (501.1 ± 1.0 ◦C), LR6316/75 (504.7 ± 0.6 ◦C), and.66 min  and 14.11 min  in the pyrogram of the FR10/80 ﬂuoroelastomer.
FR25/80 (497.1 ± 0.0 ◦C) ﬂuoroelastomers while FR10/80 ﬂuoroe-
lastomer had a Tmax1 (487.9 ± 3.0 ◦C). This was  approximately 10 ◦C
lower than the other three ﬂuoroelastomers.
The percent loss for the second weight loss step was
different for each of the ﬂuoroelastomers. The FR10/80 ﬂuoroe-
lastomer lost ∼30% (29.8 ± 0.5%), the FR17/75 ﬂuoroelastomer
lost ∼19% (18.9 ± 0.6%), the LR6316/75 ﬂuoroelastomer lost ∼
37% (36.8 ± 0.6%), and the FR25/80 ﬂuoroelastomer lost ∼40%
(39.4 ± 0.1). The temperature of maximum rate of weight loss
for the second weight loss step, Tmax2, was similar for the
FR10/80 (661.8 ± 4.5 ◦C) and FR17/75 (661.4 ± 4.4 ◦C) ﬂuoroelas-
tomers. The Tmax2 for the LR6316/75 (672.9 ± 5.8 ◦C) and FR25/80
(677.5 ± 3.4 ◦C) ﬂuoroelastomers were higher than the Tmax2 for the
FR10/80 and FR17/75 ﬂuoroelastomers.
The FR10/80 ﬂuoroelastomer (8.3 ± 0.2%) and the FR17/75 ﬂu-
oroelastomer (10.5 ± 0.1%) had signiﬁcantly larger amounts of(0.4 ± 0.1%) ﬂuoroelastomers. The larger percentage residues in the
FR10/80 and FR17/75 ﬂuoroelastomers are due to the presence of
additives, such as ﬁllers, in these elastomers.
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tFig. 11. Potential pathways for the formation of some of the ion
The temperature at which a polymer degrades is directly related
o its composition, that is, the monomeric material or materials
sed to synthesize it, and how these monomers react to form
he polymer’s structure. Therefore polymers with different com-
ositions and structures will degrade at different temperatures. In
eneral, TGA results provide good supporting information for the
dentiﬁcation of polymeric materials. However, the technique by
tself could only be used to identify a polymeric material if a known
ample of the material was available to be used as a standard.
.3. Characterization of the ﬂuoroelastomers by Fourier
ransform infrared spectroscopyThe infrared spectrum of the FR10/80 ﬂuoroelastomer is shown
n Fig. 3. Although the IR spectra of the four ﬂuoroelastomers
ere quite similar, there were differences in several regions of
heir IR spectra. Three areas will be discussed: from 2900 cm−1 tohe mass spectra of the major degradation products of FR10/80.
2800 cm−1, from 1500 cm−1 to 1300 cm−1, and from 1000 cm−1 to
700 cm−1.
IR absorbance peaks between 2950 cm−1 and 2800 cm−1 are
characteristic of symmetric and asymmetric C H stretching. An
expanded view of the IR spectra between 2900 cm−1 and 2800 cm−1
is shown in Fig. 4. As vinylidene ﬂuoride is the only monomer
used in these ﬂuoroelastomers containing C H bonds, the strength
of the absorbance for a particular ﬂuoroelastomer should corre-
late with the vinylidene ﬂuoride content of that elastomer. Typical
values [1] for the percentage of vinylidene ﬂuoride in the four
types of elastomers are 60% vinylidene ﬂuoride for a copolymer
ﬂuoroelastomer such as the FR10/80, 54% vinylidene ﬂuoride for
a tetrapolymer ﬂuoroelastomer such as FR25/80, 45% vinylidene
ﬂuoride for a terpolymer ﬂuoroelastomer such as FR17/75, and
36% vinylidene ﬂuoride for a tetrapolymer ﬂuoroelastomer such
a LR6361/75. Referring to Fig. 4, the FR10/80 ﬂuoroelastomer has
the most intense absorbance and LR6361/75 has the least intense
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bsorbance. This corresponds well with the percentage of vinyli-
ene ﬂuoride in the elastomers.
Expanded views of the IR spectra between 1500 cm−1,
300 cm−1, 950 cm−1 and 700 cm−1 are shown in Figs. 5 and 6
espectively.
There is a shoulder on the absorbance peak at 1350 cm−1 in the
pectra of the FR10/80 and FR17/75 ﬂuoroelastomers that is not
resent in the spectra of the LR6316/75 and FR25/80 ﬂuoroelas-
omers. Comparison of the FR10/80 and FR17/75 ﬂuoroelastomer
pectra indicates that the FR17/75 ﬂuoroelastomer has a weak
bsorbance peak at ∼930 cm−1 that is not found for the FR10/80
uoroelastomer. In addition, the position of the absorbance peak
etween 850 cm−1 and 800 cm−1 for the FR10/80 (830 cm−1) and
R17/75 (820 cm−1) ﬂuoroelastomers are different./z
0 min, and 8.73 min  in the pyrogram of the FR17/75 ﬂuoroelastomer.
The presence of a shoulder on the absorbance peaks at
1350 cm−1, and peaks at 930 cm−1 and 820 cm−1 are character-
istic of the FR17/75 ﬂuoroelastomer, whereas a shoulder on the
absorbance peak at ∼1350 cm−1, a peak at 830 cm−1 and no peak
at ∼930 cm−1 are characteristic of an FR10/80 ﬂuoroelastomer.
There are differences in the IR spectra of the LR6316/75 and
FR25/80 ﬂuoroelastomers between 950 cm−1 and 700 cm−1. The
FR25/80 ﬂuoroelastomer has a weak absorbance peak at ∼830 cm−1
that is not present in the spectrum of the LR6316/75 ﬂuoroe-
lastomer whereas the LR6316/75 ﬂuoroelastomer has absorbance
peaks at ∼820 cm−1 and ∼790 cm−1 that are not present in the
FR25/80 ﬂuoroelastomer spectrum.
The position of the major absorption peak between 950 cm−1
and 700 cm−1 also varies. The major peak is at ∼888 cm−1 for the
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R17/75 and LR6316/75 ﬂuoroelastomers and at ∼880 cm−1 for the
R10/80 and FR25/80 ﬂuoroelastomers.
.4. Pyrolysis gas chromatography/mass spectrometry
Pyrograms of the FR10/80 ﬂuoroelastomer following pyrolysis
t 900 ◦C, 800 ◦C, and 700 ◦C are shown in Fig. 7 (retention times
etween 0 and 40 min) and Fig. 8 (retention times between 3.5 and
5.0 min). Pyrolysis was carried out at three temperatures to deter-
ine if a change in the pyrolysis temperature would affect either
he number or abundance of the degradation products. Compari-
on of the pyrograms for a particular elastomer indicated that the
hermal degradation products were little affected by the pyrolysis
emperature. On the basis of this, it was decided to use a pyrolysis
emperature of 700 ◦C for all subsequent analysis.
The pyrograms of the four ﬂuoroelastomers are shown in Fig. 9.
he ﬁngerprint of each of the ﬂuoroelastomers is different. Each
lastomer yields degradation products and degradation product
ntensities that differ from those of the other three elastomers.
ome of the peaks, and therefore the compounds that give rise to
hem, are found in more than one elastomer. The FR10/80 ﬂuoroe-
astomer has major peaks at 8.72, 10.97, 11.66, and 14.10 min. The
eaks at 8.72 and 14.10 min  are the most intense. The FR17/75 ﬂu-
roelastomer has major peaks at 5.73, 6.76, 6.90, and 8.73 min. Thehe mass spectra of the major degradation products of FR17/75.
peaks at 6.76 and 8.73 min  are the most intense. The LR6316/75 ﬂu-
oroelastomer has major peaks at 6.93, 7.36, 7.97, and 8.74 min. The
peaks at 6.93 and 7.36 min  are the most intense. The FR25/80 ﬂu-
oroelastomer has major peaks at 8.73, 9.09, 11.02, and 14.27 min.
The peak at 9.09 and 8.73 min  are the most intense.
The mass spectra of the compounds giving rise to the
most intense peaks in the pyrograms of the FR10/80 ﬂuoroe-
lastomer are shown in Fig. 10. The major ions in the mass
spectra of the four degradation products of the FR10/80 ﬂu-
oroelastomer are similar. Potential pathways to the formation
of some of the ions in the mass spectra of the major degra-
dation products of the FR10/80 ﬂuoroelastomer are shown in
Fig. 11.
The ion with m/z 163 is the most intense in all four mass spec-
tra. This corresponds to an ion with a molecular formula (C4F6H)•+
. Lonfei et al. [11] indicate that this ion (CF2CHCF(CF3)•+)
is produced from the degradation of ﬂuoropolymers with
( CF2CH2CF(CF3) ) sequences along the polymer backbone. This
sequence is characteristic of ﬂuoroelastomers composed of vinyli-
dene ﬂuoride and hexaﬂuoropropylene. The ions with m/z
133 and m/z 113 correspond to ions with molecular formulas
(C3F5H2)• + and (C3F4H)•+ respectively.
Analysis of the ions resulting from the degradation products of
FR10/80 indicate they are also consistent with those arising from
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mFig. 14. Mass spectra, from top to bottom, of peaks at 4.03 min, 6.92 mi
 polymer composed of vinylidene ﬂuoride and hexaﬂuoropropy-
ene. For the degradation product at 8.73 min, the mass spectrum
as ions separated by 20 mass units at m/z 407 and 387, m/z 387
nd 367, and m/z 133 and 113. These are consistent with fragment
ons that differ only in the loss of HF from the higher mass ion in
he pairs. The mass spectrum also has several ions separated by 50
ass units (m/z 387 and 337 and m/z  367 and 317) that are consis-
ent with fragment ions that differ only in the loss of CF2 from the
igher mass ion. There are also a number of ions separated by 64
ass units (m/z 399 and 335, m/z  337 and 273, m/z 335 and 271, m/z
91 and 227, m/z 271 and 207, m/z  227 and 163) that are consistent
ith fragment ions that differ only in loss of C2H2F2 (vinylidene
uoride) from the higher mass ions.
The major ions in the mass spectra of the four major degradation
roducts of the FR17/75 ﬂuoroelastomer shown in Fig. 12 vary. Ions
t m/z 163, 113, and 133 are the most intense for the degradation
roducts at 6.76 min  and 8.43 min. However, the mass spectrum of
he degradation product at 6.90 min  has an ion at m/z 165 that is
ore intense than the ion at m/z  163 and the degradation product min, and 8.74 min  in the pyrogram of the LR6316/75 ﬂuoroelastomer.
at 5.72 min  has its major at m/z 209. Differences in the degrada-
tions products produced by the FR17/75 ﬂuoroelastomer compared
to the FR10/80 ﬂuoroelastomer result from the difference in com-
position of the two  elastomers. The FR10/80 ﬂuoroelastomer is a
copolymer of VF2 and HFP while the FR17/75 ﬂuoroelastomer is a
terpolymer of VF2, HFP and TFE.
Potential pathways to the formation of some of the ions in the
mass spectra of the major degradation products of the FR17/75 ﬂu-
oroelastomer are shown in Fig. 13. As was observed for the mass
spectra of the degradation products of the FR10/80 ﬂuoroelastomer,
the mass spectra of the FR17/75 ﬂuoroelastomer degradation prod-
ucts have ions that are unique to them. Many of the ions in the mass
spectra of each of the degradation products differ in mass by 20, 50,
64, and 100 units. These are consistent with ions whose structures
differ only in the loss of HF (20), CF2 (50), C2H2F2 (64), or C2F4 (100).
The major difference in the mass spectra of FR17/75 and FR10/80
are the presence of ions that differ in mass by 100 units. These
result from the degradation of portions of the elastomer containing
tetraﬂuoroethylene.
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fig. 15. Potential pathways for the formation of some of the ions in the mass spect
The mass spectra of the four major degradation products of the
R6316/75 ﬂuoroelastomer are shown in Fig. 14. This elastomer
as perﬂuoro(methyl vinyl ether) incorporated to improve its low
emperature properties but does not contain hexaﬂuoropropylene.
otential pathways for the formation of some of the ions seen in
he mass spectra of the major degradation products of LR6316/75
re shown in Fig. 15.
One ion that would be expected to be found in compounds con-
aining perﬂuoro(methyl vinyl ether) has a m/z  of 85. This ion is
ormed by the cleavage of the C O bond of the ether linkage. An ionhe major degradation products of the LR6316/75 and FR25/80 ﬂuoroelastomers.
with a m/z of 85 is found in the mass spectra of all four degradation
products. The major ion in mass spectrum of the compound with a
retention time of 7.36 min  has a mass 179. Lonfei et al. [11] observed
this ion in the mass spectra of ﬂuoropolymers containing perﬂu-
oro(methyl vinyl ether). This ion (CF2CHCF(OCF3)•+) is produced
from the degradation of ﬂuoropolymers with ( CF2CH2CF(OCF3) )
sequences along the polymer backbone. This compound also
has an ion at m/z 279 which is indicative of a CF2CF2
sequence adjacent to the structure that gave rise to the ion with
mass 179.
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aFig. 16. Mass spectra of peaks (from top to bottom) at 8.73 min, 9.09 m
As was observed for the FR10/80 and FR17/75 ﬂuoroelastomers,
any of the ions in the mass spectra differ in mass by 20, 50, 64, and
00 units. These are characteristic of ions that differ only in the loss
f HF, CF2, C2F2H2, and C2F4 from the higher mass ion respectively.
The mass spectra of the major degradation products of the
R25/80 ﬂuoroelastomer are shown in Fig. 16. FR25/80 contains
he same monomers as were used to prepare the LR6316/75 ﬂuo-
oelastomer, although the relative amounts of the monomers differ
rom one elastomer to the other. For the major degradation prod-
cts for the LR6316/75 ﬂuoroelastomer all the mass spectra have an
on with m/z 85 that arises from the cleavage of the C O ether bond
f the perﬂuoro(methyl vinyl ether) component of the elastomer.
he major ion in the mass spectrum of the compound a reten-
ion time of 9.09 min  has a mass of 179. As was indicated for the
R6316/75 ﬂuoroelastomer, this ion is indicative of a ﬂuoropolymer
ith ( CF2CH2CF(OCF3) ) sequences along the polymer backbone.
owever, this compound also has ions at mass 243 and 307 that
re indicative of one and two CH2CF2 sequences respectively
djacent to the structure that gave rise to the ion with mass 179./z
02 min  and 14.27 min  in the pyrogram of the FR25/80 ﬂuoroelastomer.
In addition, there are ions in the mass spectra that differ in mass
by 20, 50, 64 and 100 mass units. These arise from fragmentation
of the degradation products in ways similar to those described for
the other three elastomers.
4. Conclusions
The py-GC/MS identiﬁcation of four commercial ﬂuoroelas-
tomers has been described. Each of the elastomers has a unique
pyrogram that can be used to identify it. In addition, the mass spec-
tra of the major degradation products of the four elastomers can
be related to the monomeric compounds used in their preparation;
that is, they are consistent with the degradation of ﬂuoroelastomers
synthesized from vinylidene ﬂuoride and hexaﬂuoropropylene,
vinylidene ﬂuoride, hexaﬂuoropropylene and tetraﬂuoroethylene,
or vinylideneﬂuoride, tetraﬂuoroethylene and perﬂuoro(methyl
vinyl ether).
Although FT-IR can also be used to identify unadulterated sam-
ples of the ﬂuoroelastomers studied in this paper, ﬂuoroelastomers
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[12] P. Bonardelli, G. Moggi, A. Turturro, Glass transition temperatures of
copolymer and terpolymer ﬂuoroelastomers, Polymer 27 (6) (1986)J.A. Hiltz / Journal of Analytical an
hat have been in service could be contaminated. For instance, the
resence of oil or other chemicals in a sample could mask some of
he IR peaks used to identify an elastomer. The py-GC/MS identiﬁ-
ation of ﬂuoroelastomers that have been in service is not affected
y adulterants. The degradation products of adulterants are sepa-
ated and can be identiﬁed or differentiated from those arising from
he ﬂuoroelastomer.
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